the early segregation of eye-specific LGN afferents into clustered patches within the cortex, coupled with the difference in correlated activity between different eyeSummary specific LGN layers, could generate the long-range patchy pattern of correlated activity observed in the Utilizing a multielectrode array to record spontaneous and visually evoked activity of cortical neurons in area visual cortex of P22-P28 ferrets (Chiu and Weliky, 2001). In this study, we investigate whether the observed 17, we investigate the relationship between long-range correlated spontaneous activity and functional ocular long-range correlations in cortical spontaneous activity reflect alternating patches of segregated eye-specific dominance columns during early ferret postnatal development (P24-P29). In regions of visual cortex con-
Figure 1. Spontaneous Activity in the Visual Cortex of Neonatal Awake Behaving Ferrets Exhibits Specific Spatio-Temporal Properties
(A) Time series graphs of spontaneous activity at all electrodes during three separate 100 s acquisition trials are shown for a P27 ferret. Spike discharge rate is encoded in gray scale along a different horizontal row (electrode 1 is the top-most row, and electrodes 2-16 are successive rows down). As depicted in each time series graph, periodic bursts of activity occur simultaneously across the 16-channel electrode array. Bin width, 40 ms. (B) Cross-correlation maps for all 16 electrodes are shown for the same P27 ferret. In each map, the vertical bars plot the cross-correlation coefficient (r ) computed between spikes recorded at the labeled electrode and all other electrodes (electrode 1 is the left-most bar, and electrodes 2-16 are successive bars to the right). Asterisks identify significant long-range secondary peaks (modified z test; p Ͻ 0.001). Bin width, 40 ms. (C) Cross-correlation maps for all electrodes after randomly shuffling spike activity from the same recording block as (B). All correlated activity between different recording sites is eliminated as a result of shuffling.
map was a primary peak of r ϭ 1.0, which corresponds m. The mean level of correlated activity at secondary peaks for all animals was 0.40 Ϯ 0.11. Correlated activity to the autocorrelation value of activity at the particular recording site. To either side of the primary peak, correat these secondary peaks was significantly different from baseline levels (p Ͻ 0.001, modified two-tailed z lated activity gradually declined to baseline levels as the distance from the recording site increases. However, test; see Experimental Procedures). To further determine whether such secondary peaks were simply a rea secondary peak could be observed at 54% of recording sites, with an average distance of 1083 Ϯ 192 sult of nonspecific fluctuations in activity, we randomly 
006). This
The ODI is defined such that a positive value denotes indicates that the correlations we observed did indeed a bias in responsiveness for the ipsilateral eye, with a reflect specific spatio-temporal coordination of spontavalue of 1.0 indicating complete dominance by that eye. neous activity.
A negative ODI signifies a preference for the contralateral eye, with a value of Ϫ1.0 indicating complete contralateral ocular dominance. A recording site with an ODI Spatial Organization of Functional Ocular of 0.0 receives equally mixed input from the two eyes.
Dominance Domains
Recording sites were classified into three ocular domiTo determine the eye preference at each of the 16 renance categories based on their ODI: contralateral, bincording sites for each animal, we recorded spike disocular, or ipsilateral. A recording site whose ODI value charges at all electrode positions evoked by visually fell within Ϯ 0.10 was considered binocular. An ODI stimulating each eye separately (Figure 2A ). This was value falling outside this central zone indicated an ipsiaccomplished by affixing a separate opaque enclosure lateral site if it was positive, and a contralateral site if it over each of the two closed eyes, within which a miniawas negative. To visualize the spatial organization of ture light bulb was housed. The data acquisition prothese functionally classified sites, we plotted the ODI gram triggered the light bulbs to flash alternately to each values for all recording sites along the linear array for eye while recording evoked spike activity (see Experieach animal (Figure 3 ). Recording sites of the same mental Procedures). Although all recording sites were ocular dominance category tend to cluster together to responsive to stimulation of both eyes, they were usually form patches of varying widths across the recording more strongly driven by one eye or the other. For examregion. Observed ipsilateral and binocular patches were ple, electrode 1 in Figure 2B was located within a region typically small, never extending over 800 m in width, of cortex that preferentially responded to the ipsilateral whereas numerous contralateral patches spanned 2 mm eye. Similarly, cortical cells at electrode 9 could be or more ( Figure 4A ). These observations are in agreestrongly driven by the contralateral eye but not by the ment with previous anatomical reports that the organizaipsilateral eye. On the other hand, evoked activity at electrode 4 revealed a cortical site with strong inputs tion of ocular dominance domains in ferret V1 is highly variable in size and shape depending on regional location (Ruthazer et al., 1999; White et al., 1999). Ocular dominance bands in the more caudal portion of V1 tend to be periodic and patchy, whereas broad contralateral bands are observed more rostrally in V1, along the dorsal posterior section of the lateral gyrus.
Relationship between Correlated Spontaneous Activity and Ocular Dominance
To explore the relationship between patterns of longrange correlated spontaneous activity and the organization of ocular dominance domains, we examined whether the primary and secondary peaks of each cross-correlation map were located within cortical regions exhibiting the same eye preference. We found that when secondary correlation peaks occurred, 94% of the time they were situated at a site showing the same eye dominance as the site of their primary peak ( Figure 4B , left). Thus, when a recording site was biased toward a particular eye, the secondary peak in its correlation map tends to also be located at a site biased toward the same eye. To test whether a high incidence of eye preference match could occur by chance, we compared the correlation maps of each animal with the ODI plots of all other animals ( Figure 4B , right). This procedure resulted in an equal likelihood for the eye dominance to match and to mismatch between sites of correlation peaks, at 54% and 46% respectively (p Ͼ 0.05, t test). These values are only 54% of total recording sites raises the question of why such peaks are absent from approximately half the recording sites. We have previously described that at recording sites having secondary peaks, there is a mean characteristic spacing between primary and secondary peaks of close to 1 mm across all animals. Therefore, it is likely that given this constraint, a secondary peak is only observed when the eye dominance of a recording site is highly similar to that of a cortical site lying 1 mm away, and not observed when the eye dominance of a cortical site at this distance is dissimilar. To test this hypothesis, we first computed the mean similarity in ocular dominance between each recording site and its secondary peak position. This value was compared to the mean similarity in ocular dominance between each recording site without a secondary peak, and cortical sites lying 1 mm away from this site. To quantitatively assess the similarity in ocular dominance between pairs of recording sites, we computed an ocular dominance similarity index ( 
t test). This result suggests that the organization of ocular dominance domains may constrain the spatial pattern of correlated activity.
Given that the average spacing between correlation peaks was about 1 mm, the observation of contralateral bands greater than 2 mm in length raises the question of whether patterns of long-range correlated activity are present within these long stretches of contralateral eye dominance. We would not expect to see a patchy distribution of long-range correlated activity within these large contralateral eye bands if the pattern of correlated activity simply reflects the alternating patches of segre- . We found that a linear falloff having a value of zero between 1.8 and 2.2 mm away from the We next examined whether the level of correlated activity between two sites was proportional to the similarity recording site was optimal. Nonlinear falloffs were also tested, but these functions produced similar results as of their ODI values in general. ODSI plots were used to predict the degree of correlation in spontaneous activity the linear function and did not improve the correlation between the two maps. This indicates that the degree between a particular recording site and all others: the more similar the ocular dominance of two sites, the of correlated activity between any two cortical regions is not simply proportional to the similarity of their ocular higher the expected degree of correlated spontaneous activity between these sites. The average correlation dominance, but that the degree of correlated activity falls off with distance from a cortical site. between cross-correlation maps and ODSI plots was is 6-10 days earlier than the time when our recordings Schwartz et al., 1998). In vivo work in the developing were performed. This early segregation of eye-specific ferret visual cortex also demonstrates a highly organized afferents, coupled with the finding that activity within a correlational structure of spontaneous activity (Chiu and single eye-specific LGN layer is more highly correlated Weliky, 2001), but experiments were not carried out to than activity between different eye-specific layers (Welestablish a correspondence between this activity and iky and Katz, 1999), is likely to underlie the patterns of visual cortical functional organization such as ocular correlated spontaneous activity within the caudal region dominance or orientation columns. Thus, the relationof visual cortex containing alternating ocular dominance ship between these patterns of activity and cortical ardomains. chitecture has remained unresolved.
While this model explains discrete patches of correlated spontaneous activity within the caudal region of visual cortex, it does not explain discrete patches of Source of Long-Range Correlated correlated activity within large contralateral eye-domiSpontaneous Activity nated bands across rostral visual cortex. If such patches In the present study, we demonstrate a direct relationspecifically reflect the correlated activity between segship between the correlational structure of spontaneous regated axonal projections arising from a single LGN activity in the developing visual cortex and the organizaeye-specific layer, then these patches would not be extion of early ocular dominance columns before eye pected within a single large contralateral band. It is posopening in the ferret. Long-range correlated activity is sible that the observed peaks and troughs in correlated observed between patches of cortex that share the spontaneous activity might reflect subtle variations in same eye dominance, while cortical patches having opposite eye dominance exhibit significantly weaker longocular dominance across these bands. However, varia-tions in correlated activity within a single eye band Origin of the Falloff Applied to Ocular Dominance Similarity Maps should be much shallower than those across opposite When ODSI plots were constructed from raw ocular eye bands. In this case, it would be expected that corredominance charts, we found a low mean correlation lated activity would falloff more slowly away from a rebetween these plots and the cross-correlation maps of cording site lying within the center of a large contralatspontaneous activity. A visual comparison revealed that eral band as compared to a site within a small ocular ODSI plots contained long-range peaks that were not dominance patch, which was not observed. In fact, our present in the spontaneous activity cross-correlation results demonstrate that although variations in ODSI maps, thus contributing to the low correspondence bevalues across a single large contralateral band were tween these two patterns. When we applied a simple much smaller than those across different eye-specific falloff function to the ODSI plots, such that the computed bands, the modulation of correlated spontaneous activsimilarity of ocular dominance fell off linearly with disity between peaks and troughs was equally strong in tance away from the recording site location, then these both these cases. Furthermore, within these bands, linpeaks greatly diminished in size, and the correlation ear regression revealed that there was no relationship between these two patterns significantly increased. This between the degree of ocular dominance similarity and result indicates that the degree of correlated activity the level of correlated activity of any two sites. These between any two cortical sites is not simply proportional results suggest that fluctuations in correlated spontaneto the similarity of their ocular dominance. ous activity within the large contralateral eye bands reWhile the origin of this falloff is unclear, there are two flect an intrinsic cortical patchiness of about 1 mm spacpotential mechanisms. The first mechanism relies upon ing that is distinct from but constrained by the layout previous results in the retina demonstrating that the of ocular dominance columns. However, patterns of correlated activity in the visual 1996). This suggests that long-range correlated activity cortex persist following transection of both optic nerves in these young animals reflects initial changes in func-(Chiu and Weliky, 2001), which transiently blocks LGN tional synaptic connections that precede anatomical reactivity (Weliky and Katz, 1999). These findings suggest modeling of clustered horizontal connections. While the that the cortex can generate such activity patterns indemechanism driving these initial functional changes rependently of the LGN. The second mechanism relies mains unclear, one hypothesis is that these synaptic upon a similar principle as the first but is mediated by changes could be molecularly specified, such that the circuitry intrinsic to the cortex and not by the LGN afferactivity patterns we observe simply reflect the formation ents. One possible circuit innate to the cortex is the and elimination of synaptic connections in response to long-range horizontal connections, which form multiple molecular cues. Alternatively, these activity patterns periodic clusters up to several millimeters laterally from could be generated from an initially uniform network of an injection site (Durack and Katz, 1996; Ruthazer and neurons forming local excitatory and lateral inhibitory Stryker, 1996). Crude clusters first begin to appear in connections. Theoretical work on cortical map formation the ferret sometime between P24-P28, which is during demonstrates that periodically clustered or banded patthe age our recordings were performed. 
